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Abstract
Capturing the dynamism thatpervadesbiological systemsrequires a computational approach thatcan accommodate
both the continuous features of the system environment as well as the flexible andheterogeneous nature of compo-
nent interactions.This presents a serious challenge for the more traditional mathematical approaches that assume
component homogeneity to relate system observables using mathematical equations.While the homogeneity condi-
tion does not lead to loss of accuracy while simulating various continua, it fails to offer detailed solutions when
applied to systems with dynamically interacting heterogeneous components. As the functionality and architecture
of most biological systems is a product of multi-faceted individual interactions at the sub-system level, continuum
models rarely offer much beyond qualitative similarity. Agent-based modelling is a class of algorithmic computational
approaches that rely on interactions betweenT uring-complete finite-state machinesçor agentsçto simulate, from
the bottom-up, macroscopic properties of a system. In recognizing the heterogeneity condition, they offer suitable
ontologies to the system components being modelled, thereby succeeding where their continuum counterparts
tend to struggle. Furthermore, being inherently hierarchical, they are quite amenable to coupling with other compu-
tational paradigms. The integration of any agent-based framework with continuum models is arguably the most
elegant and precise way of representing biological systems. Although in its nascence, agent-based modelling has
been utilized to model biological complexity across a broad range of biological scales (from cells to societies). In
this article, we explore the reasons that make agent-based modelling the most precise approach to model biological
systems that tend to be non-linear and complex.
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INTRODUCTION
Quantifying, and even defining, the complexity
paradigm has been challenging due to differences
among systems that are considered complex in
terms of their information content, dimensionality
and basic functional units [1]. However, complex
systems are usually characterized by the presence of
numerous (sometimes) heterogeneous components
that can interact non-linearly to yield a large variety
of possible configurations [1], absence of rigid
boundaries [2], flexibility in terms of component
membership (components can have multiple mem-
berships) [2], and the ability to display emergent, self-
organizing and adaptive behaviour [3]. Although
complicated systems (such as the nerve network
found in sea slugs of the genus Aplysia [4])—rela-
tively straightforward to define in mathematical
terms—partially share the first characteristic of a
complex system (i.e. it may possess numerous inter-
acting components), they differ from complex sys-
tems in terms of connectivity among system
components.
A complicated system may have numerous com-
ponents, but it operates linearly. In other words, it
operates in order (elements are not connected, and
hence there is an absence of dynamics between them
[3]), as opposed to chaos where every element is
connected to every other element [3]. Complicated
systems are therefore predictable [4]. Complex sys-
tems on the other hand operate at an intermediate
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comes, therefore, are more difficult to predict. This
lack of predictability results from the diversity of
interactions that the heterogeneous components are
capable of engaging in. As a result, simulating the
spatiotemporal evolution of complex systems
requires identification of the nature of functional/
hierarchical relationship(s) between the interacting
components. A special case of the complex phenom-
enon, and the subject of this review, is
biocomplexity.
Biocomplexity, as proposed by the US National
Science Foundation [5], emerges from ‘dynamic
interactions among the biological, physical, and
social components of the Earth’s diverse environ-
mental systems’, and, as the term itself suggests, is a
property of biological systems. According to
Michener etal. [6], it arises when temporal, concep-
tual and spatial boundaries of a biological system are
breached. Appearance of emergent behaviour
(whether evolutionary, self-organizing or adaptive)
is the corresponding result. A philosophical [7] and
computational [8] discussion on emergence can be
found in the indicated references. Metabolic path-
ways, differentiation, tissue morphogenesis, embryo-
genesis and ecosystems are but a few examples of
complex biological processes, from the sub-molecu-
lar to the planetary.
Complexity in biological systems is a result of the
bi-directional cross-talk that exists among system
components, and between these components and
their (micro)environments, which is further aug-
mented by the heterogeneity of system components.
Furthermore, the macroscopic behaviour in biolo-
gical systems is underpinned by a vast range of inter-
actions between interconnected parts at a multitude
of scales in the absence of a central organizing struc-
ture [9,10]. Investigating the governing dynamics
that regulate such systems entails experimentation
of the trial-and-error flavour, but the, sometimes,
colossal gaps between system outputs under slightly
varying initial conditions have done little to decrypt
the black-box-like modus-operandi of such systems.
As such, there has been, until recently, an inconveni-
ent absence of computational models capable of
making accurate quantifiable predictions in the lit-
erature. To understand precisely the nature of bio-
logical systems, therefore, requires supplementing
the empirical with the quantifiable, and hence, a
synergistic collaboration of experimental and com-
putational methods.
Computational tools utilized to model bio-
logical phenomena can be categorized, broadly, as
continuum or discrete. Whereas the former describe
the numerical changes of the variables that represent
the system, the latter can indicate how and why the
dynamics involving system components operate [11].
Continuum approaches, such as those used to address
traditionally the governing laws of fluid or solid
dynamics, employ classical differential equation-
based models that may have numerical or approxi-
mate solutions. However, mathematical equations
representing either a collection of cells or organisms
or their (micro)environment do not lend themselves
as the most precise form of ontologies for biological
systems. While the continuum approach has been
applied successfully to predict macroscopic observ-
ables such as regional cell numbers, traction forces
and wound morphometry, to name a few, classic
continua are not dynamic—unlike biological systems
theydonotchangetheirmaterialproperties overtime
[12](although, ofcourse, numerous continuum com-
putational methods that attempt to incorporate such
variations have been proposed). Their shortcoming is
even more pronounced when simulating emergent
behaviour that ‘arises through ‘‘self-organization’’
and that could not have otherwise been characterized
a priori’ [9]—an event that is probably beyond the
remit of the continuum approach.
Discrete approaches, such as cellular automata
[13,14] (CA)—which employ interacting finite-
state machines [15]—or the cellular Potts modelling
approach (CPM) [16]—which simulates systems by
mapping cells to domains on a lattice—can capture
(i) the non-homogeneous character of biological sys-
tems (which is also responsible for their complexity)
and (ii) the emergence of global patterns from under-
lying rules, in a manner more faithful to cellular
systems than their continuum counterparts. Agent-
based modelling (ABM) is one such discrete
approach. The rest of the article is devoted to,
among others, an introduction to ABM, definitions
of the term agent, discussion on the agent-based
philosophy and its ontological relevance to biological
systems, a brief discussion on the strengths and
weaknesses of the two computational approaches, a
generic template for creating models using the agent-
based paradigm and reviewing agent-based models,
of either standalone (purely discrete) or hybrid (con-
tinuum–discrete) variety, that have been employed
to simulate biological phenomena across a broad
range of biological scales.
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To model biological behaviour, investigators have
applied a host of computational approaches, such as
casting laws in partial differential equations form, gas
kinetic theory, CA, Brownian agents, Bayesian net-
works, co-clustering latent variable models, etc.
[17–22], that have had their fair share of success in
predicting certain stem cell behaviour, given the
model assumptions and boundary conditions. Yet,
models of such flavour face challenges when
attempting to offer adequately comprehensive in-
sights into the processes that govern the behaviour
of biological systems [23]. Furthermore, global ob-
servations in continuum models represent averaged
values [24] and assume homogeneity of system com-
ponents. In doing so, the continuum models run the
risk of ignoring a system’s low-level details [14,25], a
feature quite central to biological function [26,27].
An agent-based approach is typically utilized when
(i) individuals to be modelled are locally interacting
discrete entities that display adaptive behaviour [28],
(ii) the population comprising the discrete entities is
heterogeneous [24], (iii) the topology of interactions
itself is heterogeneous [24], (iv) spatial considerations
are important because spatial localization of individ-
ual entities takes precedence [24,29], (v) emergent
phenomena are the primary interest [24,29] and
(vi) the number of individuals to be modelled is rela-
tively small (generally less than a billion [29]).
Biological systems therefore fall under the remit of
ABM. As such, assuming that the aforementioned
criteria are met, agent-based models can be em-
ployed to model any scale of interest (from cells to
societies). ABM ‘discretizes’ the system being mod-
elled into a collection of autonomous decision-
making entities that act at each of several discrete
time steps based on their local information and
rule-set attributed to them [9,24,30,31]. Agent-
based models are, therefore, typically composed of
agents (autonomous entities), rules (logic or math-
ematical), a simulation environment (source of local
information) and initial and boundary conditions
[14,32]. An advantage that ABM offers over other
computational approaches is its ability to model
global emergent phenomena through the rule-set
assigned at the agent level [19] alone [31].
Based on the set of rules, local information and
boundary conditions, agents interact with each other
and their environment, thereby transitioning, asyn-
chronously, between a finite number of states. The
states can be recorded, monitored and accessed at any
moment to exhibit the evolution of an agent or a set
of agents over the duration of the simulation [32].
Furthermore, repetitive-competitive interactions be-
tween agents are a feature of ABM [24]. While both
ABM and CA employ interacting finite-state ma-
chines and are, therefore, quite similar in terms of
their implementation, there are differences that make
the agent-based approach a more convenient option.
ABM relies on agents that are mobile, as opposed
to the static grids in ‘classical’ CA [9]. ABM is
characterized by asynchronous agent behaviour,
which means that agents can update their states in-
dependent of one another [9,14]. Furthermore,
ABM allows incorporation of stochastic elements in
the rule-set attributed to the agents [14]. More im-
portantly, CA lacks—in most implementations—in-
ternal memory, a feature of agents (discussed in the
next section). This leads to a combinatorial explosion
of states when considering even simple communica-
tion using CA [14]. As a result, when it comes down
to representing non-trivial complex systems, the CA
approach performs sub-optimally [14]. And, finally,
the ease with which stochastic elements can be intro-
duced in the agent-based rule-sets [33] makes it more
consistent with the operation of biological systems
compared with the deterministic rule-sets [34] of
the classic CA.
DEFINING AN AGENT
Introduced by Laycock [35], an agent (or a stream
X-machine [35]) is a Turing-complete finite-state
machine [29] (computational system that can simu-
late any single-taped Turing Machine [36]) that con-
tains a finite set of internal states, a set of transition
functions operating between states, an internal
memory set and a language for interacting with
other agents (XMML) [37]. According to Jennings
[38], agents are the new theoretical model of com-
putation, which reflect current reality more closely
than Turing machines [36].
From a qualitative perspective, as defined by
Wooldridge [39], ‘an agent is an encapsulated com-
puter system that is situated in some environment
and that is capable of flexible, autonomous action
in that environment in order to meet its design ob-
jectives’. Therefore, by definition, an agent possesses
well-defined boundaries and interfaces, has the abil-
ity to sense its environment (and act on its
environment), can control its internal state as well
as behaviour, has particular goals to achieve, can
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timely fashion to changes that affect its environment
[38].
An agent X can be represented quantitatively as
[13]:
X ¼ð s, g, S,M, f, F, s0, m0Þ
where s is the set of input, g is the set of output,
S denotes the set of states, m denotes the variables in
the memory,  denotes the set of partial functions ’
that map an input and memory variable to an output
and a change on the memory variable (’: s M !
g M), F is the next state transition function: F:
S ’, s0 is the initial state and m0 is the initial
memory. A common message board to (and from)
which messages are posted (and read) assists the
agents in communicating with each other. Figure 1
shows an X-Machine agent and Figure 2 represents
communication between two X-machines.
The state transition functions (’) respond to events
considering both the environmental input s as well
as the current internal state. For example, a commu-
nicating X-machine with an initial state i and an
initial memory m on receiving input s, depending
on s and m, will/may(/will not) change its state
producing an output g and updating the memory
to m’. This modelling mechanism provides a sensible
way of dealing with problems associated with state
explosion, which afflict many efforts at modelling
complex biological systems [9,29]. Also, being inher-
ently hierarchical, an X-machine is able to link
different modelling paradigms [29].
THE AGENT-BASED PARADIGM
AND BIOLOGICAL COMPLEXITY
What makes ABM a well-suited approach to study
complex systems? Booch [38,41] identifies three
tools that are required to analyse complexity: de-
composition, the ability to break down a complex
system into smaller, more manageable, chunks that
can be dealt with in relative isolation; abstraction, the
process of defining a simplified model that can ex-
plain the salient features of a system (at the expense
of less relevant detail) and organization, the process
of managing and identifying the interrelationships
between the problem-solving parts [38]. ABM satis-
fies all three requirements completely.
A natural way of representing a biological system
is (as discussed later) to decentralize the control or
introduce multiple loci of control [24,38]. This is an
intuitive way of representing biological systems, as
decision-making is limited to the agent’s local situ-
ation rather than some external entity’s perception of
the situation [38]. ABM achieves that by decompos-
ing the problem in terms of entities that engage in
flexible high-level interactions [9,24,28,38]. A sig-
nificant benefit of the flexible nature of agent inter-
action is that the agent decision-making regarding
the nature and scope of its interactions can occur at
run time. This allows the user to bypass the need
to specify every possible inter-agent link [38] (an
impossibility given the nature of the systems’
complexity).
The fact that the agent-oriented mind-set provides
suitable abstractions is evident from the availability of
the rich set of structures that are employed to repre-
sent and manage organizational relationships
[38,42–44] and interaction protocols that overlook
the formation of new groupings and disbanding of
existing ones [38,44,45]. The fact that collectives,
such as teams, can be modelled [38] as well further
supports the aforementioned claim. Finally, the abil-
ity of the paradigm to conduct organizational updat-
ing during run time (in case of an agent being
destroyed or differentiating into a phenotype of pro-
foundly different nature, for example) [38] makes an
ineluctable case in favour of the agent-based philoso-
phy as the most suitable for dealing with organiza-
tional relationships appropriate for complex systems.
But why consider the agent-based approach to
simulate biological phenomena? The answer lies in
the interaction-reliant methodology of the agent-
oriented approach, seemingly consistent with the
mode of operation of biological systems. The macro-
scopic behaviour in the biological world is under-
pinned by a whole range of interactions across all
scales (of course). For example, in the tissue context,
it is cellular interactions—between themselves as well
as their microenvironment (fibres, for example)—
that play a central and pivotal role in determining
the functionality and architecture of the evolving
system. While there are a host of complex intracel-
lular processes that regulate cellular behaviour, a cell
can be assumed, before all other intracellular com-
ponents, as the autonomous entity [46]. Therefore,
the argument boils down to (in the tissue context)
whether an agent can serve as a suitable ontology for
the cell. We shall show that a parallel can be easily
drawn between the two (refer to Figure 1).
As mentioned previously, an agent (i) possesses
well-defined boundaries, (ii) has the ability to sense
140 Kaul and VentikosFigure 1: This figure highlights the parallels between an agent and a cell. Top: A communicating agent (stream
X-machine); adapted from [29]. Bottom: Cell decision-making; signalling cues derived from [40]. Depending on the
multitude of input signals that a cell responds to, it transitions into a phenotype based on hitherto unknown biolo-
gical rules.The input signals (represented on the arrows) can be spatial, chemical or electrical and induce a response
from the cell.The cell in its new transition state seems to be quite aware of its latest phenotype, a feature that in
the ABM is represented by the update of agent-memory.
Figure 2: The dynamics of X-machine communication.The message boardmaintains a database of all the messages
sent by the agents. The agents read, and send, messages from (and to) the message board. Adapted from the
FLAME user manual available at http://www.flame.ac.uk/docs/.
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control its internal state as well as behaviour, (iv) has
particular goals to achieve, (v) can act in the antici-
pation of future goals and (vi) responds in timely
fashion to changes that affect its environment. Cells
can be easily visualized as ‘agents’ in the light of an
agent’s aforementioned properties. After all, cells are
in fact embedded in an environment; possess bound-
aries; maintain a dynamic bidirectional cross-talk
with their environment [22,47–54], thus being
acted by and acting on their environment; have the
ability to control their behaviour through secretion
of relevant autocrines and act in anticipation of
future goals as a result of metabolic sensing (when
cells try to gauge the ‘needs’ of a tissue, as suggested
by Scadden [54]) or signalling (as occurs in a func-
tional immune system [55,56]). This analogy can be
easily extended to tissues, organs, organisms and
colonies, in equal measure.
The greatest advantage offered by the ABM to the
user, however, is its ability to capture emergent
phenomena [19,24,29–31,38,57–59], which the
continuum approach finds more challenging to de-
scribe. Furthermore, self-organizing systems formed
by cells, where individual cells react to their envir-
onment and to each other [58,59], are examples of
emergent phenomena observed in biological systems.
It is the local interactions between cells that deter-
mine the architectural and functional features of the
entire system [58]. Multi-agent systems, a variant of
agent-based models, fit nicely into this problem and
with their application it has become possible to
understand the self-organization behaviour of stem
cells and deal with their emergent global behaviour
[58].
The decentralized manner of targeting complex
systems is perhaps the strongest argument in favour
of using ABM to simulate biological processes.
Unlike the continuum approach with a distinct
cause-and-effect motif, the agent-based approach
relies on interactions—among agents coupled with
their environment—to capture and explain macro-
scopic observables. Biological systems, as mentioned
previously, thrive on such interactions and there
seems to be an absence of a strict causative impulse
within them. The flocking of birds [60,61], the ag-
gregation displayed by a slime mould colony under
duress [62], the outcome of cellular phenotype based
on the microenvironment [63] and the multiple
streams of consciousness [64] that seem to govern
human endeavours, all seem to have little centralized
control [61], if any. On the contrary, it is the under-
lying agent-like behaviour that gives rise to each of
the aforementioned global observables. The flocking
behaviour is borne out of each bird in the flock
responding to the movements and positions of its
neighbouring birds (an example of a lower-level
rule) [65], the queen termite/ant has little centralized
role to play in orchestrating the dynamics of the bee/
ant colony [61] and the aggregation of slime moulds
itself is a response to other slime moulds trapped in
unfavourable conditions [62]. Similarly, embryogen-
esis continues without a strictly causative impulse.
One may argue that cells contain the information
needed to form the organism, but the outcome
itself is a result of interactions between genes and
proteins at the sub-cellular and cells at the cellular
level.
AGENT-BASEDAND CONTINUUM
APPROACH
Another reason why agent-based models tend to do
better than their continuum counterparts is because
the latter tend to be population-based, relating
observables to each other via equations that may
either be algebraic, or capture variability temporally
(ODE) or spatiotemporally (PDE) [66]. This is
achieved by considering the impact of the system-
level observables, disregarding the underlying cellular
(individual) variation entirely. The homogeneity
condition is essential for continuum models, as het-
erogeneity makes it impossible to obtain an analytical
solution [67]. In doing so, these models overlook
lower-level details as well as the augmentative
impact of the (micro)environment heterogeneity
on system evolution. Such an oversight cannot be
accommodated while considering biological behav-
iour for, to argue in the cellular context, identical
cells can generate non-identical colonies based on
microenvironmental or intracellular cues [22,31].
Agent-based models allow one to study agent inter-
actions and trace processes that emerge from such
interactions. Such models are therefore better repre-
sentational formalisms for biological systems and
more accurate tools to deduce the effects of external
stimuli, as they account for heterogeneity in respon-
siveness of individual cells—an integral constituent of
most biological models.
It must, however, be stated that the agent-based
approach and discrete computational approaches, in
general, are typically less utilized to simulate bulk
142 Kaul and Ventikosphenomena, where population behaviour holds
more significance than individual behaviour, at least
within currently available computational resources.
So, while ABM can be used to model intercellular
and cell–microenvironmental interactions, as sug-
gested by Thorne et al. [33], the approach is not a
pragmatic option for capturing gradients (chemical,
electrical or energetic) that exist in the cells’
microenvironment—for which recourse to the
more traditional PDE-based models is recom-
mended. Integrating agent-based models with their
continuum counterparts, as has been tried elsewhere
[31,68–71], is an elegant and, from a biological per-
spective, a more precise way of addressing the non-
trivial problem of modelling biological systems.
Another weakness generally associated with ABM
is the flexible and dynamic nature of agent inter-
actions, which makes the patterns and outcomes of
these interactions inherently unpredictable. This is a
necessary evil associated with the agent-oriented ap-
proach, for it is precisely these flexible and dynamic
interactions that enable agent-based models to cap-
ture emergent phenomena. Problems associated with
the unpredictability, however, can be eliminated
by conducting sensitivity [72] and parametric [73]
analyses, and optimization procedures [9,32,74].
In terms of implementation, agent-based models
are no different than their continuum counterparts.
Allow us to make the case for the parallel. Simulating
a physical process using transport phenomena—a
continuum approach—requires identifying appropri-
ate governing equations as well as boundary and ini-
tial conditions. This is followed by approximating
the differential equations by a system of algebraic
equations for variables at discrete locations in time
and space: a process known as discretization.
Numerical grids, which divide the geometry into
finite sub-domains, act as the discrete locations
where the aforementioned variables are solved. In
the meshfree Smooth Particle Hydrodynamics
[75]—an alternative continuum approach—instead
of using static or moving partitions of the domain
(meshes), it is covered by discrete elements known as
particles, which act as locations where the aforemen-
tioned differential equations are solved [75,76].
Finally, the appropriate solution method is applied
followed by setting the convergence criteria for the
solution method [77].
Similarly, once the problem to be modelled via
the ABM is identified, the appropriate set of hypoth-
eses or logic/mathematical rules governing the agents
must be developed. Ideally, these rules must have
empirical relevance (and justification). Boundary
and initial conditions regulating the model are also
specified at this point [72]. The governing rules are
implemented at each discrete agent location, at vari-
ous discrete time steps, which are confined to the
specified boundary (the environment). The choice
of agents is quite important—after all, ‘you can’t
model bulldozers with quarks’ [78]. Whether the
agents are cell organelles, cells, tissues or organisms
plays a significant role in determining the validity of
the governing rules. The model is completed by
choosing the time marching features physically rele-
vant to the process being studied [72]. Finally, the
model is calibrated and validated by comparing the
computational data with its empirical analogue (and
measuring the error function [72]). Refer to Figure 3
for the parallel between continuum and discrete
approaches.
AGENT-BASED MODELS
The level of detail embedded [72] in an agent-based
model deserves a special mention. If the model is too
simple, it might not prove fit enough to provide
understanding and testable predictions; on the
other hand, too complex a model will be computa-
tionally cumbersome [28]. As Grimm and Railsback
[28] point out, there are two ways to fine-tune any
such model: pattern-oriented modelling and method
of strong inference [79]. Pattern-oriented modelling
entails incorporation of details that allow emergence
of empirically observed patterns—patterns being
non-random events. This approach is, Grimm and
Railsback [28] argue, parallel to the methodology
applied in natural sciences, citing how the key to
revealing the structure of DNA lay in the patterns
that indicated internal organization. The pattern-ori-
ented approach also makes the model testable at vari-
ous hierarchical levels due to the underlying details
linked to the system’s internal organization [28]. The
strong inference approach involves developing and
contrasting alternative theories—including null the-
ories, which will not give rise to emergent proper-
ties—to determine the theory most amenable to
reproducing the observed patterns [28]. The vali-
dated theories can then be used to model similar
behaviours in other systems or environments [28].
Another point worthy of a special mention, we
believe, in any review (or, for that matter, research
article) covering agent-based models is the Science
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of (or in most cases, in addition to) mathematical
equations, as suggested in this review previously, is
the fundamental way in which the agent-based ap-
proach differs from its continuum counterparts. But,
how can the user devise these rules? The iterative
method—of constructing a rule (based on empirical
facts), deploying it to computationally predict the
empirical observation and optimizing it until statis-
tical significance between the computational predic-
tion and empirical observation is achieved—utilized
is no different than the one used to develop the
classical continuum models. Just as the creation of
mathematical models begins with the simplest equa-
tion, which subsequently improves in complexity
and level of detail, it is recommended that the initial
set of rules designed are simple, followed by a gradual
advancement in complexity and detail. However, to
include or not to include a particular parameter: that
is the ‘essential’ question [9,28,31,32,72,80,81] when
it comes to ABM. Ideally, these parameters must
originate from empirical data, and the system’s (sig-
nificant) dependence on these parameters must be
rigorously validated. This, unfortunately, is not
always the case (or even possible) due, as suggested
by Thorne et al. [32,80], to a lack of relevant pub-
lished data, unpublished experiments and absence of
more advanced protocols/apparatuses/techniques
needed to conduct a particular experiment. In such
cases, the iterative approach of rule-generation that
leads to the prediction of observed global patterns is
the most suitable option. The rule may (quite
rightly) not be accepted until it is experimentally
validated, but the availability of the rule (and the
model) itself, in terms of offering alternative explan-
ations, may in turn push for the experiment to
become available.
However, in cases where data is available, and in
certain cases—such as bioprocess or ‘omic data—
where an overwhelmingly large amount of data is
present, as Kaul etal. [31] suggest, recourse to statis-
tical analyses and rule-mining paradigms is recom-
mended. Broadly categorized as computational
intelligence methods, the techniques are generally
employed to construct predictive models based on
available data [82,83]. However, as these models cap-
ture neither the heterogeneity of interactions be-
tween system components nor their governing
physical laws, and, furthermore, are based on aver-
aged global values, they tend to have limited predict-
ive power. The techniques can, however, be used to
extract (logical) rules from the available data [82,83].
The methodologies based on the underlying pattern
recognition approach can be statistical, neural, evo-
lutionary, genetic, tree-based or machine-learning-
type [84]. Furthermore, based on whether
rule-extraction relies on the presence of a class struc-
ture, the method itself can be classified as either
Figure 3: The figure shows the parallel between how the continuum and discrete approaches are used to simulate
biological phenomena.Calculating the error function in ABMis analogous to setting the convergence criteria in con-
tinuum methods. Similarly, meshing a geometry to assign discrete locations where the differential equations are
solved is equivalent to distributing agents (in the environment) capable of transitioning between a finite set of
states based on the logic/mathematical rules assigned to them.
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employing either of these techniques (especially in
the case of Artificial Neural Networks) entails corre-
lating data input with output via mathematical trans-
formations, which, if applied to the input, will
generate the output [84]. The mathematical trans-
formations can be converted into logical rules [82],
which can be subsequently employed to construct
agent-based models.
Based on the rule-extraction approach utilized
by the computational intelligence methods, they
can be Naı ¨ve Bayesian, Artificial Neural Networks,
Decision Trees or Support Vector Machines [85,86].
The abundance of rule-extracting methodologies
necessitates a review of its own accord, as has been
conducted in the following [82,85–87], perhaps of
interest to the eager reader. Finally, the accuracy
with which an agent-based model will predict and
capture the global behaviours observed in a biolo-
gical system heavily relies on the validity of the rules
attributed to the system (in addition to the level of
detail embedded in the model). Therefore, care must
be taken in ensuring that post-extraction rule-
refinement [87], pruning [88] and optimization [82]
protocols are rigorously followed.
The use of agent-based models extends to the
entire biological spectrum. The paradigm is espe-
cially useful to develop models based on ‘soft’ factors
such as the irrational and subjective human behav-
iour employed to construct sociological models [24].
Agent-based models have been used in the field of
cancer research [71,89–91], ecology [28,61,65], eco-
nomics [92], immunology [9,34,55,56], tissue engin-
eering [18,19,25,31,58,59,68–70,93,94] and clinical
[23] and systems biology (the latter discussed in [95]).
The most promising aspect of some of these models
has been their ability to capture emergence
[19,31,58,61,67,96].
Standalone models
Reynolds’ Boids model [65], based on simple rules:
agents avoiding collision, staying close to neighbours
and matching the velocity of neighbours, leads to the
emergent school-like aggregation of agents, and can
be employed to model flocking behaviour of birds
[9,28,61] or schooling of fishes [28,97]. On a similar
note, Railsback and Harvey [98] developed an
agent-based model to explain habitat selection pat-
terns in stream salmonids, using input data and par-
ameters representing cutthroat trout (Oncorhynchus
clarkii). By contrasting three ‘theories’ (refer to the
strong inference approach discussed in this section):
maximizing current growth rate, current survival
probability, or expected maturity, they reproduced
numerically all habitat selection patterns (especially
with the ‘maximizing the expected maturity’ rule).
In the ecological context, the agent-based approach
was utilized to simulate sea-lice (Lepeophtheirussalmo-
nis) infestation patterns on a representative Atlantic
salmon (Salmo salar L) population [99]. The basic
motivation was to optimize Wrasse (which prey on
the sea lice) densities so as to control the population
of L. salmonis as the means of a pest management
programme. An agent-based model developed by
including a ‘threshold’ parameter into Thomas
Schelling’s model of racial segregation [100] led to
a rather robust emergent clustering behaviour that,
despite being amenable to empirical verification, is
practically quite challenging to validate due to un-
availability of reliable and extensive data [67].
Furthermore, Mitchel Resnick’s Turtles, Termites,
and Traffic Jams [61] review the various rule-sets
utilized to model patterns observed in slime mould,
ant and termite colonies. Resnick utilized the agent-
based platform StarLogo.
Gary An [23] developed an agent-based model of
innate immune response and used it to simulate clin-
ical sepsis trials of anticytokine therapy, which pro-
duced patterns qualitatively similar to those
published in the literature. Furthermore, An imple-
mented a series of treatment regimens in the ABM to
determine their impact on system mortality. No sig-
nificant improvement was recorded. The investiga-
tion was meant to introduce ABM to clinicians, and
the innate immune response model itself was able to
successfully demonstrate counterintuitive system
responses [23]. Segovia-Juarez et al. [101] used the
agent-based approach to simulate the formation of
granuloma in lungs post Mycobacterium tuberculosis in-
fection. The alveolar lung tissue acted as the envir-
onment in which agents acted as ontologies for
macrophages and T-cells. Model observations, such
as the primary contribution of spatial distribution of
T-cells (rather than the number of recruited T-cells)
to a developing granuloma, have empirical basis. The
investigators were the first to apply uncertainty and
sensitivity analyses in this setting.
To determine how background peptides bound to
Major Histocompatibility Complex (MHC) mole-
cules—together referred to as pMHC—present on
the surface of antigen-presenting cells influence anti-
gen recognition by T-cells requires a computational
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complexity of the process that relies on interactions
between T-cells and their ligand on antigen-present-
ing cells or target cells (pMHC). In light of the ex-
treme abundance of background peptides (compared
with foreign ones), it seems intuitive to suggest that
T-cells ignore the background proteins. An agent-
based model developed by Casal et al. [56] suggests
that T-cells rely instead on information gathered
from all pMHC interactions and not just (selectively)
from a few peptides. Along similar lines, employing
an agent-oriented approach, Riggs et al. [55] de-
veloped a two-dimensional (2D) model of a lymph
node that captured various empirically observed fea-
tures of T-cell and dendritic cell dynamics. The
model further suggests that a random search strategy,
as opposed to chemotaxis (quite a counterintuitive
thought), is more suited for a rare cognate T-cell to
find its dendritic match, and thus activate T-cells.
While supported by empirical evidence, the implica-
tions of this model need to be further investigated
and validated.
In The Hallmarks of Cancer [102], Hanahan and
Weinberg suggested six alterations in normal cell
physiology that collectively lead to malignant
growth. These included [102] self-sufficiency in
growth signals, insensitivity to anti-growth signals,
evasion of apoptosis, limitless replicative potential,
sustained angiogenesis and tissue invasion and metas-
tasis. Abbott et al. [89] developed CancerSim, an
agent-based simulation, based on the Hanahan–
Weinberg article [102], to simulate the dynamics
through which cell populations acquire heterogen-
eity and the hallmarks of cancer. Mutation was intro-
duced as a probabilistic parameter. Results from
CancerSim were found to be in agreement with
a(n) (ODE-based) continuum model that was
also employed to model the hallmarks. Both,
CancerSim and the continuum model suggested im-
plicate cell death rather than genetic instability in
driving the progression to cancer. This was in con-
trast to the pathways suggested by Hanahan and
Weinberg, which place insensitivity to anti-growth
signals at the beginning and limitless replication at
the end of each pathway [89].
Lollini et al. [103] developed SimTriplex, an
agent-oriented simulator, to investigate the min-
imum vaccination (Triplex vaccine) schedule that
could afford immunological prevention of cancer
in HER-2/neu transgenic mice at par with the cur-
rently implemented Chronic (administered for host’s
lifetime) protocol. The experiments would have
required a lot of experiments with associated cost
implications. SimTriplex employs a minimal search
strategy, which is based on a genetic algorithm, to
describe the immune response activated by Triplex
vaccine. Results from the investigation seem to sug-
gest that the same efficacy as the Chronic protocol
can be achieved by cutting down the number of
vaccinations by roughly 40% [103]. Nagoski et al.
[104] modelled the risk of contracting HIV, as a
factor of heterogeneity of sexual motivation, in com-
puter-generated artificial societies. A significant
reason behind the use of ABM as a methodological
approach was the opportunity to model systems
where research data are either inaccessible or
unethical. The fact that ABM can consider ‘soft’
variables such as stigma, discrimination, distrust of
vaccines, etc. made it especially relevant as a model-
ling tool in this investigation. Gendered agents,
hypothetical diseases and sexual motivation profiles
constituted the three elements of the model. The
model led to results such as high susceptibility
to infection among the female-gendered agents
earlier in their lives and emergence of ‘pockets of
protection’ or infection-free zones that were not
predicted but reflected patterns observed in human
systems.
From a tissue engineering and regenerative medi-
cine perspective, the agent-based approach has been
utilized to model stem cell self-organization [58,59]
in a niche [54], stem cell differentiation and
division [58] and stem cell internal life cycle [19].
Furthermore, Galvao et al. [18] used a 2D agent-
based computational model to investigate the role
of stem cell therapy in tissue regeneration. They
chose to model the chronic chagasic cardiomyopathy
after bone marrow stem cell transplantation and
therefore better understand the kinetics of cardiac
tissue regeneration. The model could simulate apop-
tosis and differentiation and implicated concentration
patterns of fibrotic regions and inflammatory cells
(these categories corresponded to types of agents
used in the model) as the most important factors in
the kinetics of chronic chagasic cardiomyopathy re-
generation after bone marrow stem cell transplant-
ation. The results also attributed the reduction in
fibrotic area to the initial fraction of bone marrow
stem cells (another agent type in the model). Walker
et al. [25,93] have been working on developing the
model of epithelial tissue employing an agent-based
model based on the social behaviour of cells. In the
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explaining cellular behaviour such as cell cycle,
bonding, spreading, migration and apoptosis to simu-
late growth characteristics of epithelial cells in mono-
layer culture under low and physiologic calcium ion
(Ca
2þ) concentration. The computational results
were found to qualitatively replicate the trends
observed in vitro. An advanced form [25] of this
model was used to describe the impact of extra-cel-
lular calcium on the growth and differentiation of
human keratinocytes. Furthermore, the model was
used to invalidate the hypothesis that growth char-
acteristics of the transformed HaCat (epithelial) cell
line can be explained by simply ‘turning off’ the
differentiation rule from the keratinocyte model,
thereby demonstrating the application of agent-
based models as hypothesis testing tools in biological
investigations.
Thorne etal. [105] used the agent-based approach to
describe cell-mediated changes in the geometry, com-
position and properties of an adapting vascular wall.
The agents, representing endothelial and smooth
muscle cells, displayed an array of behaviours such as
proliferation, growth factor production, matrix pro-
duction or degradation and apoptosis. The investiga-
tors utilized a ‘refined rule-set’ to model mouse aorta
during homeostasis and in response to both transient
and sustained increases in pressure. The agent-based
model was compared with results derived from a
pre-validated constrained mixture model of vascular
adaptation at the tissue level. They concluded that
their model was responsive to increased intramural
wall shear stress in hypertension, but insensitive to
transient elevations in the blood pressure. Long and
Rekhi [106] used the agent-based approach to test the
strategy that best governs cell movement during vessel
regeneration as a function of vascular endothelial
growth factors and brain-derived neurotrophic factor.
The investigators compared the computational results
with physical data derived by carrying out
in vitro angiogenesis. Even though only three basic
cellular behaviours—proliferation, migration and
branching—were considered, the model was capable
of predicting ‘growth for novel situations’. Certain
aspects of the model, as the authors themselves
acknowledged, were highly idealized. For example,
the authors assumed spatiotemporal uniformity in
the concentration of vascular endothelial growth
factors and brain-derived neurotrophic factor, and
focused the investigation to the first 24 hours of
sprout growth.
Comparatively, Artel etal. [107] modelled sprout-
ing angiogenesis in a porous scaffold using the agent-
based approach. The objective of this investigation
was to examine the impact of scaffold pore size on
the rate of angiogenesis. The investigators relied on
invivo results to define the speed of vessel sprouting.
The agents, representing capillary segments, were
attributed behaviours such as elongation, branching
and anastomosis. These behaviours were either sto-
chastic or influenced by microenvironmental condi-
tions. Results showed positive correlation between
pore size and the rate of scaffold vascularization.
Specifically, pore size between 160 and 270mm
was observed to support ‘rapid and extensive angio-
genesis throughout the scaffold’.
Multi-paradigm models
Being hierarchical in nature, most agent-based
frameworks can be easily linked to various other
computational paradigms [68]. This is perhaps the
most desirable feature of the ABM paradigm, as it
allows for the most precise representation of biolo-
gical systems: the continuous environment encapsu-
lating the autonomous agents. The so-called hybrid
models [31,68–71] (among numerous others) use the
agent-based approach to simulate biological inter-
actions and decision-making, and partial/ordinary
differential equations-based continuum approach to
model the environment (gradients, concentrations,
stresses, etc.)—features that would require enormous
computational capabilities to be solved using the
agent-based approach alone. Athale etal. [71] created
a 2D multi-scale model of gene–protein interactions
to simulate the decision-making approach that
cancer cells employ to switch between proliferation
and migration—cancer cells do not display the two
phenotypes concurrently. The model included a
novel intracellular module. They integrated the
RePast toolkit (http://repast.sourceforge.net) with
in-house-developed classes for representing mol-
ecules, reactions and sub-cellular compartments.
The evolution of variables, such as molecular con-
centrations, is represented using ordinary differential
equations and cellular behaviour using the agent-
based framework. The system can simulate tumour
growth over several orders of magnitude. Bailey etal.
[70] developed a model underpinned by a blood
flow network simulation to dynamically track in-
flammatory cell navigation through microvasculature
to a simulated skeletal muscle capillary bed via inter-
actions with the endothelium. The microvascular
ABM and biocomplexity 147network was derived from mouse spinotrapezius
muscle, and combined with a network flow model
designed to calculate haemodynamic parameters
(such as fluid flow and wall shear stress) throughout
the simulated microvascular network. The investiga-
tion yielded results consistent with literature data,
including monocyte migration occurring primarily
in the venules (even though differences in endothe-
lial cell phenotype were not explicitly accounted for
in the model) and low dependence of monocytes on
selectins for firm adhesion (a non-intuitive result)
[70]. The network flow model was implemented
in MATLAB, whereas the agent-based model in
NetLogo.
Adra et al. [68] integrated Flexible Large-scale
Agent-based Modelling Environment (FLAME)
with COmplex PAthway SImulator and a physical
numerical solver [93] to develop a three-dimensional
(3D) multi-scale model to grow a virtual piece of
epidermis from a collection of stem cells and derive
a set of biological rules for transforming growth
factor-beta 1 (TGF-b1; cytokine) during epidermal
wound healing. In this investigation, the agent-based
model was used to capture biological rules governing
intercellular interactions in the human epidermis;
COmplex PAthway SImulator was used to simulate
the expression and signalling of TGF-b1 at the intra-
cellular level and the physical solver was used at the
continual level to resolve forces exerted between
cells. The model was able to successfully simulate
many described keratinocyte behaviours and TGF-
b1 intracellular mechanisms. Sun et al. [69] utilized
the same approach to develop a 3D multi-scale
model of the formation of skin epithelium based
on rule-sets involving TGF-b1 to test the role
TGF-b1 plays in wound healing. Wounds were
introduced into the model, which was then used
to observe keratinocyte behaviour during healing
and explore various hypotheses concerning the role
of TGF-b1 by manipulating the rule-set associated
with the cytokine. The model supported the invivo/
invitro observation that TGF-b1 maintains a balance
between keratinocyte proliferation and differenti-
ation during wound healing, and further indicated
that disruption of TGF-b1 expression or signalling
could impact the healing process.
Solovyev etal. [108] constructed a hybrid model of
ischaemia-induced hyperemia (sudden increase in
skin blood flow following ischaemia) and pressure
ulcer formation by combining an ODE model of
blood flow and reactive hyperemia, and ABM of
skin injury, inflammation and ulcer formation.
Their primary objective was to gain useful insights
into post-spinal cord injury (SCI) pressure ulcers,
which may result from prolonged tissue ischaemia.
The agent-based aspect of the model simulated
injury, inflammation and ulcer formation by captur-
ing interactions between oxygen, pro-inflammatory
elements, anti-inflammatory elements and skin
damage (agents used in the model). Experimental
data from human subjects (six SCI patients and six
non-injured subjects) were used to calibrate the
ODEs used in the model. The model suggested a
higher propensity for ulceration in the patients com-
pared with the subjects. Despite certain limitations
identified by the authors themselves, the model can
be employed as a diagnostic platform for post-SCI
ulcer formation.
Kaul et al. [31] integrated FLAME with a multi-
physics transport phenomena platform (CFD-
ACEþ, ESI Group, Paris, France) to capture
dynamic reciprocity [109] in a 3D bioreactor.
Through the model, the authors investigated the
impact of system initial and boundary conditions
on its overall evolution. The platform capable of
supporting 2D (refer to Figure 4) and 3D models
Figure 4: This sequence displays results generated from a platform developed by integrating the agent-based with
the continuum approach.The figure shows various stages of cell chemotaxis under the influence of an arbitrary che-
mokine. The cells, on sensing chemokine-deficient conditions, try to move into chemokine-rich regions. The four
frames were captured at 0, 20, 30 and 50 hours of experiment time.Whereas chemokine concentration in the cellu-
lar microenvironment was modelled using the transport phenomena solver, cellular chemotaxis was simulated
using FLAME. The image first appeared in [31] and was reprinted under the Creative Commons Attribution
License. A colour version of this figure is available at BIB online: http://bib.oxfordjournals.org.
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not only the differences in system evolution due to
the differing initial/boundary conditions but the
similarities as well. Furthermore, as the cells tried
to evade hypoxic regions inside the bioreactor,
they aggregated around regions with threshold
oxygen concentration in a manner that can only be
described as emergent (although this needs experi-
mental verification). The proof-of-concept demon-
strated the utility of such a platform as a hypothesis
testing (experimental purposes) and design optimiza-
tion (commercial purposes, as during bioreactor con-
cept selection phase) tool.
Due to the nature of this document, we were
unable to delve more critically into the scope,
design, functionality and results of the agent-based
models presented here and therefore urge the reader
to explore the articles relevant to them. We also
hope that investigators whose seminal and relevant
work in this field we were unable to cite will forgive
the nature of this review, primarily aimed to
evaluate the merit of agent-oriented approach in
simulating biological phenomena, and associated
space constraints.
CONCLUSIONS
The versatility of the agent-based approach makes it
a particularly appealing modelling framework to ana-
lyse complex systems. Despite its successes and enor-
mous potential, the agent-based approach remains
nascent and requires utilization on a larger scale,
not only by biologists, due to its intuitive and
simple execution, but also by mathematicians and
engineers alike, as either a standalone approach or
coupled with other modelling paradigms. An
agent-oriented view might not only be able to ex-
plain biological behaviour, but uncover the rules
leading to emergent behaviour in such systems and
the macroscopic dynamics that regulate them. We
conclude this article by reiterating the features—a
summation of the literature reviewed to write this
article—that any modelling approach required to
simulate biological complexity must possess. These
include the ability of the approach to simulate
non-linear and dynamic behaviour, synthesize rele-
vant ‘constituent-constituent’ and ‘constituent-
environment’ interactions, track the evolution of
various constituents that are heterogeneous in
nature, develop memory of various prior constituent
interactions, adapt to the external environment and
permit visualization of emergent phenomena that
will result from the combined interactions of
system constituents. The agent-based paradigm is
probably the most perfect embodiment of these
characteristics.
Key Points
  Agent-based models allow the study of component-level inter-
actions and traceprocesses thatemerge from suchinteractions.
Such models are therefore better representational formalisms
for biological systems and more accurate tools to deduce the
effects of external stimuli, as they account for heterogeneity in
responsiveness of individual cellsçan integral constituent of
mostbiologicalmodels.
  ABM ‘discretizes’ the system being modelled into a collection of
autonomous decision-making entities that act ateach of several
discrete time steps based on their local information and rule-
set attributed to them.
  Just as the creation of continuum models begins with the sim-
plest equation, which subsequently improves in complexity and
level of detail, it is recommended that the initial set of rules
designed are simple, followedby a gradual advancementin com-
plexity and detail.
  The decentralized manner of targeting complex systems is per-
haps the strongest argumentin favour of using ABM to simulate
biological processes.Unlike the continuum approach with a dis-
tinctcause-and-effectmotif, the agent-based approachrelies on
interactionsçamong agents coupled with their environmentç
to capture and explain macroscopic observables.
FUNDING
Himanshu Kaul gratefully acknowledges support
through a Department of Engineering Science,
University of Oxford, Scholarship.
References
1. Hazen RM, Griffin PL, Carothers JM, etal. Functional in-
formation and the emergence of biocomplexity. Proc Natl
AcadSciUSA 2007;104(Suppl 1):8574–81.
2. Plsek PE, Greenhalgh T. Complexity science-the challenge
of complexity in health care. BMJ 2001;323(7313):625–8.
3. Chira C, Gog A, Lung RI, etal. Complex systems and cel-
lular automata models in the study of complexity. Stud
InformSer 2010;LV:33–49.
4. Burggren WW, Monticino AG. Assessing physiological
complexity. JEx pBi o l2005;208(Pt 17): 3221–32.
5. Anand M, Tucker BC. Defining biocomplexity: an ecolo-
gical perspective. CommentsTheorBiol 2003;8(4–5):497–510.
6. Michener WK, Baerwald TJ, Firth P, et al. Defining and
unraveling biocomplexity. Bioscience 2001;51(12):1018–23.
7. Jost J, Bertschinger N, Olbrich E. Emergence. New Ideas
Psychol 2010;28(3):265–73.
8. Cooper SB. Emergence as a computability-theoretic phe-
nomenon. ApplMathComput 2009;215(4):1351–60.
ABM and biocomplexity 1499. Chavali AK, Gianchandani EP, Tung KS, Lawrence MB,
Peirce SM, Papin JA. Characterizing emergent properties of
immunological systems with multi-cellular rule-based com-
putational modeling. T rendsImmuno 2008;29(12):589–99.
10. Ottino JM. Engineering complex systems. Nature 2004;
427(6973):399.
11. Priami C. Algorithmic systems biology. Commun ACM
2009;52(5):80–8.
12. Semple JL, Woolridge N, Lumsden CJ. In vitro, in vivo,i n
silico: computational systems in tissue engineering and re-
generative medicine. TissueEng 2005;11(3–4):341–56.
13. Fortuna L, Frasca M, Fiore A, etal. The wolfram machine.
IntJBifurcatChaos 2010;20(12):3863–917.
14. Richmond P, Walker D, Coakley S, etal. High performance
cellular level agent-based simulation with FLAME for the
GPU. BriefBioinform 2010;11(3):334–47.
15. Lee D, Yannakakis M. Principles and methods of testing
finite state machines-a survey. Proc IEEE 1996;84(8):
1090–123.
16. Graner F, Glazier JA. Simulation of biological cell sorting
using a 2-dimensional extended Potts-model. PhysRevLett
1992;69(13):2013–6.
17. Emonet T, Macal CM, North MJ, etal. AgentCell: a digital
single-cell assay for bacterial chemotaxis. Bioinformatics 2005;
21(11):2714–21.
18. Galvao V, Miranda JGV, Ribeiro-Dos-Santos R.
Development of a two-dimensional agent-based model
for chronic chagasic cardiomyopathy after stem cell trans-
plantation. Bioinformatics 2008;24(18):2051–6.
19. Gatti M, Faustino G, Vasconcellos J, et al. Agent-oriented
stem cell computational modeling. Proceedings of the
XXVIII Brazilian computing society congress, Bele ´md o
Para ´, Brazil, 2008. Sociedade Brasileira de Computac¸a ˜o,
Porto Alegre, Brazil. http://www.lbd.dcc.ufmg.br/cole
coes/semish/2008/003.pdf (29 May 2013, date last
accessed).
20. Lei J, Mackey M. Stochastic differential delay equation,
moment stability, and application to hematopoietic stem
cell regulation system. SIAM J Appl Math 2007;67(2):
387–407.
21. Agur Z, Daniel Y, Ginosar Y. The universal properties of
stem cells as pinpointed by a simple discrete model. JMath
Biol 2002;44(1):79–86.
22. Viswanathan S, Zandstra PW. Towards predictive models of
stem cell fate. Cytotechnology 2003;41(2–3):75–92.
23. An G. In silico experiments of existing and hypothetical
cytokine-directed clinical trials using agent-based modeling.
Crit Care Med 2004;32(10):2050–60.
24. Bonabeau E. Agent-based modeling: Methods and tech-
niques for simulating human systems. Proc Natl Acad Sci
USA 2002;99:7280–7.
25. Walker D, Sun T, Macneil S, et al. Modeling the effect of
exogenous calcium on keratinocyte and HaCat cell prolif-
eration and differentiation using an agent-based computa-
tional paradigm. TissueEng 2006;12(8):2301–9.
26. Chung CA, Lin TH, Chen SD, etal. Hybrid cellular automa-
ton modeling of nutrient modulated cell growth in tissue
engineering constructs. JTheorBiol2010;262(2):267–78.
27. Cheng G, Youssef BB, Markenscoff P, etal. Cell population
dynamics modulate the rates of tissue growth processes.
BiophysJ 2006;90(3):713–24.
28. Grimm V, Railsback SF. Agent-based models in ecology:
patterns and alternative theories of adaptive behaviour. In:
Billari FCF, Prskawetz Thomas, Scheffran Alexia, Ju«rgen
(eds). Agent-Based Computational Modelling. Heidelberg:
Physica-Verlag HD, 2006;139–52.
29. Smallwood R, Holcombe M. The Epitheliome Project:
Multiscale agent-based modeling of epithelial cells. In:
Third Ieee International Symposium on Biomedical Imaging: Nano
to Macro,Vols1-3, Arlington,VA,2006 2006;816–9.
30. Macal M, North M. Introduction to agent-based
modeling and simulation. Proceedings of the MCS
LANSInformal Seminar. http://www.mcs.anl.gov/ leyffer/
listn/slides-06/MacalNorth.pdf (29 May 2013, date last
accessed).
31. Kaul H, Cui Z, Ventikos Y. A multi-paradigm modeling
framework to simulate dynamic reciprocity in a bioreactor.
PLoSOne 2013;8(3):e59671.
32. Thorne BC, Bailey AM, Peirce SM. Combining experi-
ments with multi-cell agent-based modeling to study
biological tissue patterning. Brief Bioinform 2007;8(4):
245–57.
33. Thorne BC, Bailey AM, DeSimone DW, etal. Agent-based
modeling of multicell morphogenic processes during devel-
opment. BirthDefectsRes 2007;81(4):344–53.
34. Seiden PE, Celada F. A model for simulating cognate rec-
ognition and response in the immune-system. JT h e o rB i o l
1992;158(3):329–57.
35. Laycock G. The Theory and Practice of Specification Based
Software Testing. PhD Thesis. Sheffield: University of
Sheffield, 1993.
36. Turing AM. On computable numbers, with an application
to the Entscheidungsproblem. Proc Lond Math Soc 1936;2:
230–65.
37. Adra S, Coakley S, Kiran M, etal. An Agent-Based software
platform for modelling systems biology. Epitheliome
Project Report. 2008. http://www.imagwiki.nibib.nih.
gov/mediawiki/images/c/ca/FLAME_Documentation.pdf
(29 May 2013, date last accessed).
38. Jennings NR. On agent-based software engineering. Artif
Intell 2000;117(2):277–96.
39. Wooldridge M. Agent-based software engineering. IEE
Proceedings-SoftwareEngineering 1997;144(1):26–37.
40. Murry CE, Keller G. Differentiation of embryonic stem
cells to clinically relevant populations: lessons from embry-
onic development. Cell 2008;132(4):661–80.
41. Booch G. Object-Oriented Analysis and Design with
Applications. Redwood City: Benjamin/Cummings, 1994.
42. Conte R, Castelfranchi C. Norms as mental objects. From
normative beliefs to normative goals. In: Castelfranchi C,
Muller JP (eds). From Reaction to Cognition. Berlin: Springer,
1995;186–96.
43. Lesser V, Corkill D. The distributed vehicle monitoring
testbed: A tool for investigating distributed problem solving
networks. AIMag 1983;4(3):63–109.
44. Shoham Y, Tennenholtz M. On the synthesis of useful
social laws for artificial agent societies. In: AAAI’92
Proceedings of the tenth national conferenceon Artificial Intelligence,
San Jose, CA. Palo Alto, CA, USA: Association for the
Advancement of Artificial Intelligence, 1992;276–81.
45. Shehory O, Kraus S. Methods for task allocation via
agent coalition formation. Artif Intell 1998;101(1–2):
165–200.
150 Kaul and Ventikos46. Noble D. The Music of Life: Biology Beyond Genes. Oxford:
Oxford University Press, 2008.
47. Albrecht DR, Tsang VL, Sah RL, etal. Photo- and electro-
patterning of hydrogel-encapsulated living cell arrays. Lab
Chip 2005;5(1):111–8.
48. Anderson DG, Levenberg S, Langer R. Nanoliter-scale syn-
thesis of arrayed biomaterials and application to human em-
bryonic stem cells. Nat Biotechnol 2004;22(7):863–6.
49. Burdick JA, Vunjak-Novakovic G. Engineered microenvir-
onments for controlled stem cell differentiation. Tissue Eng
Part A 2009;15(2):205–19.
50. Geckil H, Xu F, Zhang XH, etal. Engineering hydrogels as
extracellular matrix mimics. Nanomedicine (Lond) 2010;5(3):
469–84.
51. Graichen R, Xu XQ, Braam SR, et al. Enhanced cardio-
myogenesis of human embryonic stem cells by a small mo-
lecular inhibitor of p38 MAPK. Differentiation 2008;76(4):
357–70.
52. NelsonCM,BissellMJ.Ofextracellularmatrix,scaffolds,and
signaling: tissue architecture regulates development, homeo-
stasis, and cancer. AnnuRevCellDevBiol 2006;22:287–309.
53. Roeder I, Lorenz R. Asymmetry of stem cell fate and the
potential impact of the niche-observations, simulations, and
interpretations. Stem Cell Rev 2006;2(3):171–80.
54. Scadden DT. The stem-cell niche as an entity of action.
Nature 2006;441(7097):1075–9.
55. Riggs T, Walts A, Perry N, etal. A comparison of random vs.
chemotaxis-driven contacts of T cells with dendritic cells
during repertoire scanning. JTheorBiol. 2008;250(4):732–51.
56. Casal A, Sumen C, Reddy TE, etal. Agent-based modeling
of the context dependency in T cell recognition. JT h e o r
Biol. 2005;236(4):376–91.
57. Smallwood RH, Holcombe WML, Walker DC.
Development and validation of computational models of
cellular interaction. JMolHistol 2004;35(7):659–65.
58. Faustino G, Gatti M, de Lucena C, et al. A Multi-agent-
based 3d visualization of stem cell behaviour. Monografias
em Cie ˆncia da Computac¸a ˜o. 2008. ftp://ftp.inf.puc-rio.br/
pub/docs/techreports/08_07_faustino.pdf (29 May 2013,
date last accessed).
59. d’Inverno M, Saunders R. Agent-based modelling of stem
cell self-organisation in a niche. In: Bruecker S (ed).
Engineering Self-Organizing Systems. Heidelberg, Berlin:
Springer, 2005;52–68.
60. Olfati-Saber R. Flocking for multi-agent dynamic systems:
Algorithms and theory. IEEET ransAutomatContr 2006;51(3):
401–20.
61. Resnick M. Turtles,Termites,andT rafficJams. Boston: The MIT
Press, 1994.
62. Schmickl T, Crailsheim K. A navigation algorithm for
swarm robotics inspired by slime mold aggregation. In:
Sahin E, Spears WM, Winfield AFT (eds). Engineering Self-
Organizing Systems. Swarm Robotics. Heidelberg: Springer
Berlin, 2007;1–13.
63. Wessells N. Tissue Interactions and Development. San
Francisco: W.A. Benjamin, Inc, 1977;276.
64. Zeki S. The disunity of consciousness. T rendsCognSci, 2003;
7(5):200–8.
65. Reynolds CW. Flocks, herds and schools: A distributed
behavioural model. In: SIGGRAPH ‘87 Proceedings of the
14th annual conference on computer graphics and interactive
techniques,1987;25–34. SIGGRAPH (ACM Special Interest
Group on Computer Graphics and Interactive Techniques),
New York, NY, USA.
66. Parunak HV, Savit R, Riolo RL. Agent-based modeling vs.
equation-based modeling: A case study and users ‘guide. In:
Sichman JS, Conte R, Gilbert N (eds). Multi-agent Systems
and Agent-based Simulation. Heidelberg, Berlin: Springer,
1998;10–25.
67. Gilbert N. The Idea of Agent-Based Modeling. Agent-Based
Models. Quantitative Applications in the Social Sciences.
London: Sage Publications, 2008;1–20.
68. Adra S, Sun T, MacNeil S, et al. Development of a three
dimensional multiscale computational model of the human
epidermis. PLoSOne 2010;5(1):e8511.
69. Sun T, Adra S, Smallwood R, etal. Exploring hypotheses of
the actions of TGF-beta 1 in epidermal wound healing
using a 3D computational multiscale model of the human
epidermis. PLoSOne 2009;4(12):e8515.
70. Bailey AM, Thorne BC, Peirce SM. Multi-cell agent-based
simulation of the microvasculature to study the dynamics of
circulating inflammatory cell trafficking. Ann Biomed Eng
2007;35(6):916–36.
71. Athale C, Mansury Y, Deisboeck TS. Simulating the impact
of a molecular ‘decision-process’ on cellular phenotype and
multicellular patterns in brain tumors. JT h e o rB i o l2005;
233(4):469–81.
72. Helbing D. Agent-Based Modeling. In: Helbing D (ed).
Social Self-Organization. Understanding Complex Systems.
Heidelberg, Berlin: Springer, 2012;25–70.
73. Railsback SF, Grimm V. Agent-Based and Individual-Based
Modeling. New Jersey: Princeton University Press, 2012.
74. Calvez B, Hutzler G, Khosla R, et al. Parameter space
exploration of agent-based models. KES’05 Proceedingsof the
9th international conference on Knowledge-Based Intelligent
Information and Engineering Systems -Volume Part IV , Melbourne,
Australia. York, UK: Knowledge-Based Intelligent
Information & Engineering Systems, 2005;633–9.
75. Gingold RA, Monaghan JJ. Smoothed particle hydro-
dynamics – theory and application to non-spherical stars.
M onN otRAst r onSoc1977;181(2):375–89.
76. Koumoutsakos P. Multiscale flow simulations using par-
ticles. AnnuRevFluidMech 2005;37:457–87.
77. Ferziger J, Peric M. ComputationalMethodsforFluidDynamics.
New York: Springer-Verlag, 2002.
78. Goldenfeld N, Kadanoff LP. Simple lessons from complex-
ity. Science 1999;284(5411):87–9.
79. Platt JR. Strong inference – certain systematic methods of
scientific thinking may produce much more rapid progress
than others. Science 1964;146(364):347–53.
80. Thorne BC, Bailey AM, DeSimone DW, Peirce SM.
Agent-based modeling of multicell morphogenic processes
during development. Birth Defects Res C EmbryoToday 2007;
81(4):344–53.
81. Azuaje F. Computational discrete models of tissue growth
and regeneration. Brief Bioinform 2011;12(1):64–77.
82. Duch W, Setiono R, Zurada JM. Computational intelli-
gence methods for rule-based data understanding. Proc
IEEE 2004;92(5):771–805.
83. Charaniya S, Hu WS, Karypis G. Mining bioprocess data:
opportunities and challenges. T rends Biotechnol 2008;26(12):
690–9.
ABM and biocomplexity 15184. Kell DB, King RD. On the optimization of classes for the
assignment of unidentified reading frames in functional gen-
omics programmes: the need for machine learning. Tr e n d s
Biotechnol 2000;18(3):93–8.
85. Kotsiantis SB, Zaharakis ID, Pintelas PE. Machine learning:
a review of classification and combining techniques. Artif
Intell Rev 2006;26(3):159–90.
86. Fogel GB. Computational intelligence approaches for pat-
tern discovery in biological systems. Brief Bioinform 2008;
9(4):307–16.
87. Tickle AB, Andrews R, Golea M, etal. The truth will come
to light: Directions and challenges in extracting the know-
ledge embedded within trained artificial neural networks.
IEEET rans Neural Netw 1998;9(6):1057–68.
88. Goodacre R, Vaidyanathan S, Dunn WB, et al.
Metabolomics by numbers: acquiring and understanding
global metabolite data. T rendsBiotechnol 2004;22(5):245–52.
89. Abbott RG, Forrest S, Pienta KJ. Simulating the hallmarks
of cancer. Artif Life 2006;12(4):617–34.
90. Athale CA, Deisboeck TS. The effects of EGF-receptor
density on multiscale tumor growth patterns. JT h e o rB i o l
2006;238(4):771–9.
91. Mansury Y, Diggory M, Deisboeck TS. Evolutionary game
theory in an agent-based brain tumor model: exploring the
‘Genotype-Phenotype’ link. JT h e o rB i o l2006;238(1):
146–56.
92. Chen S-H, Chang C-L, Du Y-R. Agent-based economic
models and econometrics. Knowl Eng Rev 2012;27(2):
187–219.
93. Walker DC, Southgate J, Hill G, et al. The epitheliome:
agent-based modelling of the social behaviour of cells.
Biosystems 2004;76(1–3):89–100.
94. Ausk BJ, Gross TS, Srinivasan S. An agent based model for
real-time signaling induced in osteocytic networks by
mechanical stimuli. JBi o me c h2006;39(14):2638–46.
95. Merelli E, Armano G, Cannata N, etal. Agents in bioinfor-
matics, computational and systems biology. Brief Bioinform
2007;8(1):45–59.
96. Gibson MC, Patel AB, Nagpal R, et al. The emergence of
geometric order in proliferating metazoan epithelia. Nature
2006;442(7106):1038–41.
97. Huth A, Wissel C. The simulation of the movement of fish
schools. JTheorBiol1992;156(3):365–85.
98. Railsback SF, Harvey BC. Analysis of habitat-selection
rules using an individual-based model. Ecology 2002;83(7):
1817–30.
99. Groner ML, Cox R, Gettinby G, etal. Use of agent-based
modelling to predict benefits of cleaner fish in controlling
sea lice, Lepeophtheirus salmonis, infestations on farmed
Atlantic salmon, Salmo salar L. JF i s hD i s2013;36(3):
195–208.
100. Schelling TC. Dynamic models of segregation. J Math
Sociol 1971;1(2):143–86.
101. Segovia-Juarez JL, Ganguli S, Kirschner D. Identifying
control mechanisms of granuloma formation during M-tu-
berculosis infection using an agent-based model. JT h e o r
Biol 2004;231(3):357–76.
102. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100(1):57–70.
103. Lollini P-L, Motta S, Pappalardo F. Discovery of
cancer vaccination protocols with a genetic algorithm driv-
ing an agent based simulator. BMC Bioinformatics 2006;7:
352.
104. Nagoski E, Janssen E, Lohrmann D, etal. Risk, individual
differences, and environment: an agent-based modeling ap-
proach to sexual risk-taking. Arch Sex Behav 2012;41(4):
849–860.
105. Thorne BC, Hayenga HN, Humphrey JD, etal. Toward a
multi-scale computational model of arterial adaptation in
hypertension: verification of a multi-cell agent based
model. Front Physiol 2011;2:20.
106. Long BL, Rekhi R, Abrego A, etal. Cells as state machines:
cell behavior patterns arise during capillary formation as a
function of BDNF and VEGF. JT h e o rB i o l2013;326:
43–57.
107. Artel A, Mehdizadeh H, Chiu YC, et al. An agent-based
model for the investigation of neovascularization
within porous scaffolds. Tissue Eng Part A 2011;17(17-18):
2133–41.
108. Solovyev A, Mi Q, Tzen YT, etal. Hybrid equation/agent-
based model of ischemia-induced hyperemia and pressure
ulcer formation predicts greater propensity to ulcerate in
subjects with spinal cord injury. PLoS Comput Biol 2013;
9(5):e1003070.
109. Bissell MJ, Hall HG, Parry G. How does extracellular-
matrix direct gene-expression. JT h e o rB i o l1982;99(1):
31–68.
152 Kaul and Ventikos